) respectively. For this case, the values of R<hkZ > are close to one, but should be detectable. The dependence of this quantity on the Miller indices is distinctive for each easy-axis type.
Introduction-
The successive editions of the symmetry tables of lnternationale Tabellen zur Bestimmung yon Kristallstrukturen (1935) , International Tables for X-ray Crystallography (1952) and International Tables for Crystallography (1983) have been an invaluable compendium of information. However, the intrinsic three-dimensional nature of the space-group symmetry information contained in these volumes is inherently difficult to convey on a printed page. The publication of stereo diagrams for the most complex space groups in the latest edition (1983) has certainly aided in overcoming the limitations imposed by the two-dimensional format. Even so, it is often difficult to visualize the packing *To whom correspondence should be addressed. of objects within crystal lattices of high symmetry. The widespread use and availability of interactive computer graphics in crystallography has led to the idea of displaying the geometrical information contained in the International Tables in three dimensions. TABLES is a computer program that provides the capability of displaying the crystal symmetry of a given space group and the location of the different symmetry operators in an interactive computer-graphics environment.
Program
TABLES has been written in Fortran 77 and is executed interactively on a VAX-11/785. The tasks performed by the 20 routines which comprise the program can be broadly divided into three classes: (i) character manipulations to translate the symmetry operators from the format of the International Tables into matrices; (ii) algebraic manipulations to orthogonalize/deorthogonalize coordinates and (iii) routines to generate the crystal packing for the given motif.
The input data to the program are two files and three items of geometrical information which can be provided interactively. The first file, space-group specific, is a transcription of the information contained in the International Tables for that particular space group. An example for space group P41212 (space group no. 92, file name P41212.DAT) is shown in Table 1 . The second data file contains the (1983) . Lines of different colors inside the unit cell show the position, orientation and type of the symmetry operators present in this space group. Solid red: diagonal twofold axes at z = 0, z = ¼; blue-red: 21 screws parallel to the cell axes at z = ~, z = ]; blue-white: 41 screw axes parallel to c at (½, 0) and (0, ½). The colors for the 21 screw axis parallel to c, at the origin, result from the superposition of the cell edges (green) and the blue-red assigned to the 21 screw. For simplicity, only the symmetry operators within one half of the unit cell have been shown. A right-angled triangle (yellow) was used as a motif to generate the crystal packing. coordinates of the motif which will be used by the program to generate the crystal packing. In the present version, coordinates can be read from three different file structures: Cambridge Data Bank, Brookhaven Protein Data Bank and an internal molecular-structure file specific to Abbott Laboratories. The items of geometrical information are the unit-cell parameters and the rotational and translational parameters necessary to orient and position the motif in the unit cell. There are always two output files. One contains the points (specified as pseudo carbon atoms) and vectors (pseudo bonds) that define the unit cell. The second has the points and vectors which specify the location of the different symmetry operators in space. The two points defining the symmetry-operator vector are of the same type for pure rotations. Assigning different pseudo atoms at the two extremes of screw axes permits an easy distinction between the two types of symmetry operators when the lines are colored by atom type (Fig. 1) . The response of the program to the creation of the cell and operator files is essentially instantaneous.
The output of a third file is optional, owing to the relatively larger amount of time required to generate it. The coordinate file and the variables defining the orientation and position of the motif in the crystal cell are required only with this option. The output contains information to display the packing for the particular space group chosen, using the specified input motif. To facilitate this step, there are three options. It is possible to generate: (i) the equivalent positions within the unit cell only; (ii) the unit cell and all neighboring molecules within a certain distance; and (iii) three complete unit cells along each direction (27 unit cells).
Packing arrangements with N motifs in the asymmetric unit can be simulated in two different ways. The program can be run N times, each time with the corresponding rotational and translational parameters. Alternatively, the redundancy can be incorporated into a multimeric motif and the program executed only once.
Program environment
The output files containing the cell and the symmetry operators can be displayed on an Evans and Sutherland color graphics system driven by a VAX-11/785, using GRAMPS (O'Donnell & Olson, 1980) and the Computer Assisted Molecular Design system at Abbott Laboratories (O'Donnell & Chabalowski, 1986) . GRAMPS allows users to rotate, translate, manipulate and change the color of the two separate files as two independent objects on the screen. The third file, containing the crystal packing, can also be interactively displayed as a separate image. Output files of separate runs of TABLES can also be represented simultaneously on the screen, thus allowing comparisons and analysis of different packing schemes. A version of TABLES using only GRAMPS for the display of the different objects is available for distribution (see below).
Use and applications
The program TABLES, in conjunction with adequate computer-graphics hardware, provides the capability of displaying interactively the crystal symmetry of a given space group in three dimensions. This initial program could open the way to a complete three-dimensional display and/or manipulation of the space-group information contained in the first volume of International Tables for Crystallography(1983) . It seems appropriate that a tool specifically designed to display spatial information be used for the purpose of presenting the crystallographic information, which is intrinsically three-dimensional.
Two main lines of application and use can be proposed. As a teaching aid, the program could produce colored stereo images (or slides) of the different space groups that would provide an extremely valuable supplement to the International Tables for Crystallography. Where possible, it could also be used in lecture and laboratory classes dedicated to symmetry for presenting and discussing the different spacegroup symmetries to crystallography students. Several subtle points in crystallography can be easily illustrated with the program after only limited experience (for example, rhombohedral vs hexagonal cells, as indicated in Fig. 2) .
In environments where graphics resources are limited, the program could be run to display only the unit cell, the location of the symmetry operators and a small repeating motif. Versions of TABLES for personal computers should not be very difficult to implement and therefore will help to disseminate the simplicity and beauty of crystallogra]ahic symmetry. A more widespread understanding and appreciation of crystallography may result from its earlier introduction into the science curriculum.
As a research tool, the program is being used at Abbott Laboratories to analyze interactively the possible solutions of protein crystal structures in conjunction with molecular replacement techniques (Rossmann, 1972) .
Distribution
A well commented version of TABLES which uses GRAMPS for the display and manipulation of the different images has been deposited in the Protein Data Bank. Data files for the 65 enantiomorphic space groups are also part of the release. Further details and information can be obtained from either of the authors.
